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Abstract 
The welding of aluminum alloys has been increasing in demand for lightening electronic products and automobiles. The authors 
have developed hybrid laser system which is consisted of a pulsed Nd:YAG laser and a continuous diode laser (hereafter LD) in 
order to perform the high efficiency and high quality welding of aluminum alloys. A pulsed Nd:YAG laser of 1064nm in 
wavelength and a continuous LD of 808nm in wavelength are superposed on the same beam axis, and the superposed laser beams 
of two wavelengths are delivered to the processing head through an optical fiber. The bead width and depth increases with the 
power of continuous LD, which leads to overlapping welding even under a high speed condition. 
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1. Introduction 
Nd:YAG lasers are widely used as a practical manufacturing tool, and applied to various kinds of laser 
processing, such as welding, cutting, drilling, annealing, scribing. They have many advantages such as high beam 
quality, transmission of laser beam through an optical fiber, low cost and high reliability. In the processing, 
continuous wave solid-state lasers pumped by diode laser have been used for the improvement of efficiency and the 
long lifetime of pumping sources. The energy consumption in the lasers is five to eight times smaller, and the 
exchange life is ten to twenty times longer compared to those in flash lamp pumped lasers. With the recent 
remarkable development of semiconductor technology, the power of LD has been increasing and their costs 
reducing. And recently fiber lasers have been developed with high beam quality, high conversion efficiency (low 
energy consumption), and long life time. On the other hand, many lasers used for micro-welding processing of 
aluminum alloys are still pulsed Nd:YAG lasers pumped by flash lamps  because  the pulse operation of diode lasers 
accompanies the risk of shortening their lifetime. And fiber lasers have a disadvantage that the pulse operation is 
limited because a nonlinear phenomenon tends to occur in the thin oscillation medium. The electric-optical 
conversion efficiency of a lamp pumped solid state laser is approximately 3%, and the absorption rate of laser beam 
(wavelength: 1064nm) for aluminum alloys is approximately 5%. The processing efficiency for the total energy 
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input is very low. Therefore, the laser beam with high peak power, thus high power laser sources, is necessary in 
order to obtain sufficient penetration depth. This requirement leads to the problems, such as the increases of initial 
cost and running cost. The energy resource is used effectively. 
To overcome the disadvantages, a pulsed Nd:YAG laser pumped by diode laser has been developed to increase 
the conversion efficiency even at a high pulse repetition rate. The hybrid system combined a pulsed diode pumped 
Nd:YAG laser and a continuous LD has been assembled to overcome the above pointed problems and to apply to 
the welding of aluminium alloys. In the system the higher absorption of laser energy by aluminum alloys is expected 
under continuous irradiation of the LD (wavelength: 808nm), since the absorption of aluminum alloys shows a peak 
around 850nm. Both a pulsed Nd:YAG laser of 1064nm in wavelength and a continuous LD of 808nm in 
wavelength are delivered through a single optical fiber. In this study the performance of the newly developed hybrid 
system is evaluated, and its welding characteristics of aluminum alloys are experimentally investigated. The 
phenomenon and mechanism of this welding process with the hybrid system are discussed by investigating the 
absorption rate of aluminum alloys and analysing the temperature history with numerical calculation. 
2. Hybrid laser system 
2.1. Background of hybrid laser system development 
Seam welding of aluminum alloys used for Li-ion battery cases is one of many laser micro-welding processing. 
The use of Li-ion battery is expected to increase for the preservation of natural environment. It is difficult to weld 
aluminum alloys precisely and stably by using a pulsed Nd:YAG laser at high speed, since aluminum alloys are 
highly reflective and highly thermally conductive materials. 
2.2. Pulsed Nd:YAG laser pumped by diode laser 
In order to obtain high peak laser pulses, a pulsed Nd:YAG laser pumped by diode laser has been newly 
developed. In general, the electric-optical efficiency of a LD is approximately 50%. The electric-optical conversion 
efficiency of the laser is 18-26% as shown in Figure 1, while the electric-optical efficiency of lamp pumped 
Nd:YAG lasers is 2-3%. And the lasers have achieved more than 20,000hrs of lifetime. The life-time data in one of 
process conditions is shown Figure 2. 
Duty : 14.4%
Repetition rate : 120Hz
Pulse width : 1.2ms
Figure 1. Electric-output power conversion efficiency ; Figure 2. Life-time test in one of process conditions 
2.3. Superposition of continuous LD beam and pulsed Nd:YAG laser
Figure 3 shows the absorption rate of light for various metals. It increases as the wavelength decreases for general 
metal materials. However, the absorption rate of aluminum shows a peak around 800-850nm. In this range, the 
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absorption rate of a continuous LD (about 15%) has 3 times higher than that of a Nd:YAG laser (about 5%). From 
this unique feature of aluminium, the continuous LD of 808nm in wavelength was combined into the pulsed 
Nd:YAG laser of 1064nm in wavelength, and both laser beams were irradiated to the same processing point. It is 
well known that the welding defects such as blowholes and cracks easily occur in fusion area, rapid heating and 
cooling cycle due to ON-OFF of laser pulses. These welding defects are prevented by pre-heating and slow cooling 
with the irradiation of the continuous LD. With this system, not only processing efficiency but also welding quality, 
that is bead width, penetration depth, and surface conditions, are expected to improve. 
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Figure 3. Absorption rate of aluminum and other metals 
2.4. Experimental procedures
Figure 4 shows the schematic diagram of the experimental setup. Table 1 shows the specifications of the pulsed 
Nd:YAG laser and the continuous LD used in this study. The Pulsed Nd:YAG laser beam and the continuous LD 
beam are superposed on the same beam axis, and the superposed laser beam of two wavelengths is delivered to the 
processing head through an optical fiber. Aluminum alloy A3003 is used as a specimen. The specimen size for bead 
on plate welding experiment is W30mm x D20mm x t0.5mm. The aluminum cases in the welding experiment have a 
cylindrical shape, whose dimensions is W30mm x D5mm x t0.3mm. A cover (t0.5mm) is fitted and pressed into the 
inside of an aluminum case. 
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Figure 4. Schematic diagram of experimental setup 
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    Table 1. Specifications of pulsed Nd:YAG laser and continuous LD 
 Nd:YAG LD 
Average power 250W 65W 
Max. peak power 2.5kW 65W 
Repetition rate 1 - 500Hz CW 
Pulse width 0.08 - 1.2 ms CW 
3. Experimental results and discussion 
3.1. Effect of continuous LD 
Figure 5 shows the surface and the cross section of the weld bead: 14% increase in bead width, 141% increase in 
penetration depth were obtained by the superposition of the continuous diode laser, although the power of the diode 
laser is only 1.2% of that of the pulsed Nd:YAG laser. The welding phenomenon was investigated by the thermal 
analysis based on the experimental results. A general finite element program ‘ANSYS Rev.11.0’, which can 
calculate temperature in unsteady states, was used for the numerical analysis. Figure 6 shows the surface 
temperature before the irradiation of the pulsed Nd:YAG laser. In the case of the superposition of the continuous LD, 
the specimen surface temperature was kept approximately 500K, which was 200K higher than that without the 
continuous LD. Therefore, the surface temperature readily rises to the melting point of the aluminum alloy 900K by 
the coming Nd:YAG irradiation. Clearly the energy of Nd:YAG laser is absorbed to the aluminum alloy effectively, 
because the specimen surface was at high temperature by the superposition of the LD. 
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Figure 5. Results of bead-on-plate welding with and without continuous LD 
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         Figure 6. The surface temperature before the irradiation of pulsed Nd:YAG laser 
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3.2. Welding of aluminium battery case
The seam welding of aluminum alloy battery cases was performed, and its welding characteristics was 
investigated by changing the output power of the continuous LD. Figures 7 and 8 show the variations of bead width 
and penetration depth with the continuous LD power for processing speed 20mm/s and 35mm/s. In conventional 
lamp pumped Nd:YAG laser systems, the processing speed is only 15-20mm/s. On the other hand, this system 
achieved the processing speed of 30-40mm/s, which is two times faster than that of the conventional lamp pumped 
Nd:YAG laser system for the same average power PYAG of Nd:YAG laser. The processing speed is greatly improved. 
Both bead width and penetration depth increased largely as the output power of continuous LD (PLD) was increased. 
It is confirmed that the effect of the continuous LD on the penetration depth was remarkable under the faster 
processing speed condition. When the output of the continuous LD is 50W, the processing speed is 1.75 times faster 
than that without the continuous LD as shown in Figure 8. It is considered that the increase in surface temperature 
by the addition of the continuous LD affect greatly the characteristics of surface condition.  
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Figure 7. Variations of bead width with PLD ; Figure 8. Variations of penetration depth with PLD
4. Conclusions 
A hybrid system combined a pulsed Nd:YAG laser and a continuous LD has been newly developed, and its 
performance and characteristics for the micro-welding of aluminum alloy is experimentally and numerically 
investigated. Main conclusions obtained in this study are as follows: 
x The development of hybrid system assembled pulsed Nd:YAG laser and continuous LD could be realized by only 
one processing head with the superposition of both laser beams. 
x The energy of pulsed Nd:YAG laser is absorbed by aluminum alloys effectively, since the specimen surface was 
kept at a high temperature by the superposition of the continuous diode laser beam. 
x With the superposition of the continuous LD beam to the pulsed Nd:YAG laser, the bead width and the weld 
depth increased by 14% and 141% respectively. 
x The hybrid system is operated even under a higher pulse repetition rate condition, and makes possible high-
efficiency and high-quality welding of aluminum battery cases. 
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